This paper reports a micro Fourier transform infrared spectrometer (μFTIR), enabled by an innovative H-shaped electrothermal microelectromechanical systems (MEMS) mirror. The H-shaped MEMS mirror consists of 32 symmetrically-distributed three-level ladder bi-layer actuators, leading to large linear displacement with negligible tilting. The tilting angle of the mirror is as small as 0.06°, so there is no need of complex closed-loop control. The new μFTIR was applied in the composition prediction of soybeans, and the experimental results show that it can accurately measure the protein content.
INTRODUCTION
Portable spectrometers are in increasing demand for on-site rapid chemical detection applications. Fourier transform infrared (FTIR) spectrometers are very powerful in chemical and biological analysis and sensing, but are bulky and expensive. Fortunately, MEMS technology is capable of miniaturizing FTIR [1] . MEMS-based FTIR, or μFTIR, have been demonstrated by several groups [2] [3] [4] [5] [6] , where the key limitation is the scan range of the MEMS mirror. Electrothermal bimorph MEMS mirrors have clear advantage of achieving large piston displacement without the need of operating at resonance [7] , but the tilt angle may reach as large as 1.7°, which greatly reduces the usable scan range [8] . Though the tilt angle can be reduced down to 0.002° [9] , a closed-loop control scheme with an extra optical position detection system is required, which significantly increases both the cost and size. This paper reports a new electrothermal bimorph MEMS mirror. With 32 symmetrically-distributed three-level ladder bimorph actuators, the MEMS mirror achieves large piston and small tilt angle without closed-loop control. A μFTIR based on this MEMS mirror has been developed, and one application of the μFTIR has also been demonstrated.
MEMS DESIGN Electrothermal Bimorph Actuation
Thermal bimorphs consist of two layers of materials with different coefficients of thermal expansion (CTEs). When temperature changes, a bimorph beam will bend due to the CTE difference. Typically a resistor is embedded in the bimorph beam, and injecting an electrical current into the resistor generates Joule heating to change the temperature. Thus this is called electrothermal bimorph actuation. In this work, Aluminum (Al) and silicon dioxide (SiO2) are selected as the two bimorph materials because of their large CTE difference which can lead to large vertical displacement. Fig. 1 shows an electrothermal Al/SiO2 bimorph actuator design. It has four sections of alternating bimorphs and forms a folded double S-shaped bimorph (FDSB) structure. The initial curling of each bimorph section bends towards the Al side since Al has higher CTE. When the temperature increases, the bimorph will bend towards the SiO2 side as it has lower CTE. Each S compensates the tilt of a single bimorph section and the double S further compensates the lateral shift [10] . Hence the end of the FDSB actuator has pure vertical displacement. 
H-shaped MEMS mirror Design
The schematic design of the MEMS mirror are shown in Fig. 2 , where a square mirror plate is suspended by 32 identical FDSB actuators hinged on four rigid silicon beams, presented as an H-shaped panel. The mirror plate is coated with Al on both sides and the optical aperture is 1.4 mm × 1 mm. Each FDSB actuator is designed as a three-level ladder to increase the displacement. Each level of the ladder is a basic FDSB structure as shown in Fig. 1 . A picture of a fabricated H-shaped MEMS mirror is shown in Fig. 3(a) . The footprint is 3.65 mm×11.4 mm and the initial elevation is 350 μm. An SEM of a three-level 978-1-5386-2732-7/17/$31.00 ©2017 IEEEFDSB actuator is shown in Fig. 3(b) . The measurement results of both the displacement and tilt angle versus voltage are plotted in Fig. 4 , showing that the tilting angle of the MEMS mirror is as small as 0.06° at a large 150 μm linear displacement. The maximum vertical displacement reaches 300 μm at 8.5 Vdc. 
μFTIR

Fourier Transform Interferometer
The μFTIR system is schematically illustrated in Fig.  5 (a), which consists of two Michelson interferometers: one for generating sample signals and the other for the calibration of the MEMS mirror motion. The two interferometers share the same MEMS mirror plate but use the two mirror surfaces respectively; the mirror plate is highly reflective on both sides. The sample light (SL) is collected and collimated by two convex lenses and then directed to one side of the MEMS mirror plate, and an InGaAs photodetector (PD1) with a focusing lens picks up the interference signals. The spectral response range of PD1 is from 900 nm to 2500 nm. At the other side of the MEMS mirror, a reference laser (RL) with a wavelength of 1310 nm and a photodetector (PD2) with the spectral response range from 900 nm to 1700 nm are used. Fig. 5(b) shows a picture of the optomechanical subsystem of the assembled μFTIR system. A main circuit board, providing MEMS driving signals and data acquisition with 16-bit resolution, has also been developed for the system. Fig.  3(c) shows a completely packaged system whose total size is 130 mm × 92 mm × 55 mm. When the MEMS mirror is driven by a triangular waveform varying from 0.2 V to 9 V at 5 Hz, the dual-interferometer produces two interferograms, as depicted in Fig. 6 . The signal in red is from the sample and the signal in blue is from the reference laser. The varying frequency of the reference signal indicates that the velocity of the MEMS mirror is not uniform during the scanning. Also, according to the red signal, there is no single highest peak at the center of the sample interferogram, which means that the wavelength components in the sample light are not all in phase at the zero path-length difference. Moreover, it is clear that both interferograms are not symmetric. This is believed to be caused by the imperfections of the beam splitters. The asymmetry of the sample interferogram is worse because the sample light is broadband and there exists dispersion. 
Data preprocessing
The spectrum of the sample light can be reconstructed from the sample interferogram using Fast Fourier transform (FFT). Before the transformation, digital filtering is applied to the interference signals to suppress noise, and a Blackman function is used as the filter window.
Since the MEMS mirror moves at a varying velocity, the data acquisition by equal time interval sampling does not provide the sample interferogram with equal space interval sampling. Therefore the data has to be resampled via the reference interferogram. The interference interferogram is obtained by using a laser, so each period of the fringes corresponds to a determined spatial distance. The acquisition of the reference interferogram is synchronized with that of the sample interferogram. Phase method is developed as an equal optical pathlength interpolation method instead of the traditional fringe interval method. The instantaneous phase of the reference interferogram can be obtained by Hilbert transform, and then a phase unwrapping process is implemented [11] . After dividing the phase curve of the reference interferogram and interpolating the data points in time domain for resampling, the interpolated sample interferogram is ready for spectral reconstruction.
Spectral Reconstruction
An ideal broadband light interferogram is symmetric around zero path difference (ZPD), but the red signal in Fig.  6 is asymmetric, so phase correction is needed. In this work, the phase correction is done by Mertz method [12] . The resolution of an FTIR is inversely proportional to the optical path difference (OPD) generated by the moving MEMS mirror. For the best use of the MEMS scan range, the initial position of the MEMS mirror plate is set close to ZPD, and only a small region in the interferogram is obtained with double-sided acquisition. This small interferogram region is used for Mertz phase correction. The total OPD generated by the MEMS mirror and used for FFT calculation is 372 µm, 91µm of which is double-sided around ZPD and used to calculate phase error. So the actual OPD for FFT spectral reconstruction is 281 µm and the corresponding spectral resolution is 36 cm -1 or 8.6 nm @ 1550 nm. Fig. 7 presents the spectra of polystyrene with 10 replicate scans by the μFTIR. The spectral accuracy is 3 nm and spectral repeatability is 0.0008, measured with standard polystyrene absorption. 
Determination of Soybean Composition
Nondestructive detection of key ingredients is desired when purchasing raw soybeans or online monitoring the soybean quality during processing. To demonstrate application of the µFTIR in soybean detection, 40 samples of soybean, each harvested in a different location, were prepared, and the weight of each sample was 100 grams. Each time one sample was put in a cup with a diameter of 30 cm, and its scattering light spectra were obtained by the portable µFTIR through a handheld probe, as shown in Fig.  8(a) . The handheld probe consists of a tungsten bulb that provides the near-infrared light and an optical fiber that collects back reflection light scattered from the sample. Each sample was loaded for three times, and the corresponding three spectra were averaged to generate one spectrum. After all sample spectra were obtained completely, the soybeans were shattered for stoichiometric analysis. The values of chemical determination crude protein are determined by Kjeldahl nitrogen method [13] .
To establish a model of the contents of soybeans, the spectra of 40 samples, as shown in Fig. 8(b) , were processed by Savitzky-Golay smoothing with a gap of 21 data points combined with the first-order derivative and multiplicative scatter correction (MSC). The spectral preprocessing step is used to eliminate the baseline drift and the scattering effect caused by the size variation of soybeans. The quantitative model that relates the values of chemical determination and near-infrared spectral data is established by stoichiometry method based on all spectral data. Principal component analysis (PCA) method is used to reduce the number of components involved in modeling, and partial least square (PLS) is used to build the prediction model.
The performance of the model was evaluated by internal cross validation, or leave-one-out method. Leave-one-out method means using 39 of 40 spectra to build the model and the left one spectrum to predict. The process goes through all spectra. The standard error of cross validation (SECV) and relative coefficient (RCV) were used to evaluate the model through internal interaction. Relative predictive determinant (RPD), ratio of protein value stander error (SD) to standard error of calibration (SEC), also helps to judge the predictive ability of the model. Table 1 summarize the performance of the model. The achieved RPD is more than 3, which means the model can precisely predict protein content. Fig . 9 plots the protein prediction result by the model, showing that this new μFTIR can accurately measure the protein concentration, and the standard deviation from the standard Kjeldahl method is no more than 3%. To achieve more accurate prediction, the sample number should be increased, e.g., 400 samples, and more sophisticated modeling regression methods may be used. 
CONCLUSION
A new H-shaped MEMS mirror was designed and fabricated to solve the tilting angle problem that hinders electrothermal MEMS performance. The tilting angle of the mirror is as small as 0.06°, so there is no need of complex closed-loop control. The key improvement makes electrothermal MEMS mirrors fulfill its advantage of large stroke at low driving voltage. The result of soybean prediction experiment demonstrates the great potential of this new MEMS based FTIR in the application of agriculture and food industry.
